secondary neutrons are emitted anisotropically through many kinds of reaction channels in the higher energy region interested.
The purpose of the present work is therefore to show an ensuing work which is to be done in the anisotropic neutron transport calculations from a view of the importance of all kinds of secondary neutrons on the estimation of reaction rates and energy spectra.
To recognize the present status of nuclear data for the secondary neutrons, we may note that nuclear data files have been compiled in the form of single-differential cross section (SDX) and the cross section data have been classified according to reaction type. For instance in the ENDF/B library"), the SDX for a particular reaction type is provided with the reaction cross sections and the angular distribution data (and/or the energy distribution data) of secondary neutrons.
The anisotropic scattering kernel, therefore, can be formulated with these SDX data only if the collision kinematics of neutron emitting reactions are known. In the case where the kinematics are unknown or complex the kernel must be assumed to be isotropic; the energy distributions of secondary neutrons can be given only with a typical evaporation spectrum, a Watt spectrum and so one(6)(7). The same assumption is also made to continuum inelastic scattering.
Hence, the anisotropy of secondary neutrons in the total neutron-emission is calculated within the restriction on the above compilation.
At the recent IAEA Advisory Group Meeting"), the use of double-differential total neutron-emission cross sections (DDXs) was recommended for the neutron transport calculations and the compilation of the DDXs would be demanded in a future nuclear data file. The DDX, that is s(E'->E,t), is expressed with the secondary neutron energy E and the scattering angle t in the laboratory system (the LAB system) for the specified incident neutron energy E' so that the relation between E and 0 is obtained directly without taking any collision kinematics into account. In the neutron transport calculations, a new method using the DDXs is introduced (9) by generalizing the formulation of anisotropic scattering kernel with the Is-method.
Then, the all anisotropies of nonelastic scattering can be generally taken into account in the neutron transport calculation with the /*-method when the DDXs are given.
A neutron transport code system NITRAN based on the 1*-method was developed in the Karlsruhe Nuclear Research Center (KfK) in cooperation with one of the authors of the present study (9) . The original NITRAN system has been improved to be a revised version in the present study. In the revised version, new processing codes were added to accept the ENDF/B-IV library and some coding errors in the old version were corrected.
(The revised version will be called simply as "NITRAN system" in the following.) Since the DDXs are not yet available in the evaluated nuclear data files, the DDXs in the present study must be generated from the SDX with collision kinematics.
The procedure of generating the multigroup cross sections of double-differential type will be mentioned in Chap. II and some advantages of these multigroup cross sections will be discussed in Chap. III. Then, some trial calculations will be carried out for simple D-T neutronics problems.
The results of these calculations will be discussed in Chap. N, in view of the effect of anisotropy of inelastic scatttering on neutron transport.
II. MULTIGROUP CROSS SECTION OF DOUBLE-DIFFERENTIAL TYPE
The derivation of the I*-formulas is just to generalize the formulation of the Iimethod (9) . The I*-formulation is reviewed for a one-dimensional spherical geometry in the -15 -following.
The neutron balance equation for the angular flux Fq(r, m) in an energy group g is expressed by (1) where m' and m are the direction cosines with respect to the position vector r for the incident (129 and outgoing vector (O), respectively, g' and g are the energy group indices, m is the cosine of scattering angle in the LAB system, s(r, g', g ; m*) the macroscopic transfer cross section (total neutron-emission double-differential cross section), a st(r, g) the macroscopic total cross section and Sg(r, m) the external source, respectively.
Here, the I*-f unction is given as follows : ( 2 ) The /*-function is given with the same functional form as Ii (1), while the scattering angle (cos-1,m*) needs not to be related to a specific collision kinematics.
Calculational flow chart is shown in Fig. 1 , where the system can be separated into three blocks; the processing of DDX, the matrix production and the Sn calculation. Some code-modules like DDXs, KERN and NITRAN-I* were revised or newly developed. In the first block the DDXs code generates the multigroup cross sections of double-differential type from the ENDF/B-lV library, based on the following equation : ( 3 ) where fw(E') is a weighting function such as scalar flux spectrum and n* the angular segment index of quadrature set. The double-differential total neutron-emission cross sections are derived from SDXs with the following formulas :
(1) Anisotropic scattering ( 4 ) where i denotes the reaction channel index and si(E', mc)
is the SDX for a particular reaction channel in the center of mass system (the CM system). In Eq. ( 4 ), the Jacobiandi |pmc/pm*|,|m*/pE|) is dependent on the collision kinematics for the individual . reaction channel i. In the present study, Eq. ( 4 ) is made to fit only to elastic and inelastic scattering. where sj(E'->E) is calculated from sj(E') (reaction cross section) and secondary neutron energy distributions, which are given by the form such as an evapolation or a Watt spectrum(6)m. This processing method is applicable to the continuum inelastic scattering, (n, 2n) reaction and so on. In these reaction channels, angular distribution (P(E',m*)) of secondary neutrons are occasionally given in the ENDF/B-IV library. The doubledifferential cross section for such a reaction channel can be approximately calculated as follows : ( 6 ) -17 -Consequently, the double-differential total neutron-emission cross section is given by ( 7 ) A code DDXMIX is used to calculate the macroscopic mixture cross sections of a particular material by mixing the DDXs of all elements contained in the material.
In the second block, the averaged DDX over the specified angular segment are provided from the DEGEN code, since the DDX library is compiled with a fine quadrature set (S64) and the quadrature set required in the transport calculation is usually to be reduced to lower order, e. g. S8," S16, and so on. On the other hand, the matrix of angular transfer probability with the I*-function is calculated with the ATP code, by averaging the function within the discretized cell spaces (9) . Finally, the transfer cross sections (scattering matrices) are rearranged in the form of group-to-group and segment-to-segment in angle by the KERN code, using the averaged DDX and the matrices of angular transfer probability.
This procedure is convenient to simplify the calculational process of the collision source term in the transport calculation and to economize the computing time.
W. ACCURACY OF SCATTERING MATRICES
To test the accuracy of scattering matrices, we use the averaged angle-dependent cross section for elastic scattering produced by the following way : method. This figure shows that the 1*-S. method enables us to obtain good accuracy in calculating extremely anisotropic distributions for heavy nucleus only by increasing the order of angular segments. The DDX table for a specified incident energy group is given as a two-dimensional matrix for outgoing energy and angle parameters, so that the accuracy of secondary neutron distribution with respect to one of two parameters (i.e. energy or angular distribution) can be estimated independently of the accuracy of the other. In the case of these method, the high reproducibility of the angular distribution cannot be obtained even if the number of angular segments is considerably increased. This insufficient accuracy is attributed to the coarse group energy transfer cross section (sela(gi, g)), because the present code systems for the li-Sn, and Pl-Sn methods adopt the procedure that we provide at first the group cross section sets, which are then used for the calculation of the scattering matrices. (broken lines) which have 135 group structure"').
The energy distribution for "Fe is covered with only a few energy group.
The accuracy of group cross section for 56 Fe is extremely poor compared with that for 'Li, since the slowing down energyrange of secondary neutrons allowed by scattering kinematics decreases with increasing mass of a target nucleus. This is reflected in the angular distribution processed from (sela,(g', g). Figure  4 shows the attenuation of D-T neutrons in a Lead slab.
Large difference is observed ; particularly at the outer boundary, the flux by the I*-calculation gives two times large value than the Ii. Since the nuclear data for the two calculations were taken in common from ENDF/B-IV(6 ) , the large difference should be attributed to the difference in the processed scattering matrices ; the errors of the Iimethod as shown in Fig. 2(b) becomes larger for lead than for iron. the emission angle is 23d in the LAB system. A neutron spectrum calculated by using ENDF/B-IV(6) only is shown as a broken line in Fig. 5 . In ENDF/B-IV, the discrete level inelastic scattering up to the 6th excited state (Q-value is -3.0 MeV) are evaluated to be anisotropic in the CM system as well as elastic scattering.
The processing code DDXs can generate anisotropic matrices for these inelastic scattering, as mentioned in Chap. II.
Secondary neutrons from the other reaction channels are assumed to be isotropic in the CM system. Dresden (Zf K) (11) . In those data, the incident neutron energy is 14.6 MeV and the emission neutron energy is ranging from 14 to 2 MeV, so that the DDX data can be used in the collision source calculation of the incident D-T neutrons for the aluminum slab. The DDX data was thus used only in the scattering matrices of source neutron group and the matrices of the other groups were assumed to be the same as those from ENDF/B-IV. Though the above approach falls into an approximate manner like a calculation using the first collision source(1), it is applicable to the analysis of the measured spectra because the emission spectra from the source-neutroninduced reactions contribute largely to measured angular spectra(5). The difference of two calculated spectra appears in the energy range attributed to the secondary neutrons from nonelastic reaction induced by the source neutrons. The angular distribution data by ZfK show the fact that the nonelastic secondary neutrons are emitted anisotropically(").
Therefore, the condition, whether these secondary neutrons are emitted isotropically or anisotropically, is reflected in the difference between the two calculated spectra.
Tritium
Production Rates
In the experiment at KfK(3)(13)', the angular neutron spectra and the tritium production rates were measured in a spherical assembly of natural lithium. It was pointed out(3) that the cross section data of nonelastic scattering for lithium had to be improved, not only for the reaction cross sections but also for the angular dependence of emission spectra of secondary neutrons.
The estimation for the effect of anisotropy, however, had not been performed because there was no processing code which generated anisotropic scattering matrices for inelastic scattering.
In the present calculations, four different matrices for inelastic scattering were prepared to natural lithium (see APPENDIX). Each matrix is identified by the numeral of the symbol "Kernel".
Kernel-1 is a fully isotropic matrix for inelastic scattering and Kernel-2~4are generated by the inelastic scattering kinematics for some of the reaction channels. The cross section of 7Li (n, n'a)T reaction measured at Harwell (UK) (") is used in Kernel-4, instead of that in ENDF/B-1V(6).
The S"-calculations were carried out with NITRAN-I*, in which the 135 group structure was used. The space-dependent tritium production rates are presented in Fig. 6 , where two components, 7Li (n, n'a)T reaction (T7) * and 6Li (n, a) T reaction (T6)*, are shown. For the ratio of T7 calculated by using Kernel-2 to that by Kernel-1 (Kernel-2/Kernel-1), the deviation from unity was +12% at maximum near the outside of the sphere. For the T6 calculated by Kernel-2, the deviation of the ratio was -4% in average over the whole radius. It seems that the anisotropic secondary neutrons from inelastic scattering of 7Li contribute significantly to the scalar fluxes in the low energy region where the fluxes are formed by the slowing down neutrons from high enegy region. The values of T7 in the case of Kernel-3 were lower than that of Kernel-1 in innerer region of the sphere and on the contrary higher in the outerer region, as well as the T7-ratio of Kernel-2 to -1. Therefore, the effect of anisotropy made the spatial distribution of T7 more uniform than the case of Kernel-1. If the anisotropy of the inelastic scattering (7Li(n, n'a)T) is evaluated correctly in the nuclear data file, the space-dependence of T7 will then vary significantly from the reference calculation with Kernel-1. The T6 in the case of Kernel-3 was nearly equal to that of Kernel-2. The production rates calculated by Kernel-4 are shown in Fig. 7 , in which the T7 becomes very small compared with that by Kernel-3. This results from the fact that the values of the cross section of 7Li(n, n'a)T reaction measured at Harwell are about 25% smaller than the values evaluated in ENDF/B-IV, in the series of incident * The T7 denotes the tritium production rate from 7Li(n ,n'a)T reaction and T6 denotes that from 6Li (n, a) T reaction.
-21 - In the transport calculation by Kernel-4, the values of total cross sections of 'Li were conserved to be that of the ENDF/B-IV data, so that the reduction of 'Li (n, n'a)T cross section was naturally estimated as the increment of absorption cross section. Hence, both the decrement of slowing down neutrons from 'Li (n, n'a)T reaction and the increment of absorption lowered the scalar flux values in the low energy region. Table 1 presents the tritium breeding ratios integrated over the whole sphere, in comparison with the result of the Karlsruhe lithium sphere experimentm. The breeding ratio calculated with the ANISN code (15) is nearly equal to that of Kernel-1, because the cross section set, which was generated by PROF GROUCH-G ll (16) and used in ANISN, is the similar scattering matrix to that of Kernel-1 concerning the anisotropy of inelastic scattering. The result by Kernel-4 shows the nearest value to the experimental one. It seems from the result that the cross section value of 'Li (n, n'a)T reaction in ENDF/B-IV may be too high.
Unfortunately, the present calculations could not be compared with the space-dependent tritium production rates and the angular neutron spectra measured at KfK. If the present calculation showed the consistency for the results of comparisons with both the measured angular spectra and the space-dependence of measured tritium production rates, the total tritium breeding ratio would decrease more than 30% from the reference value (0.680) calculated by Kernel-1. According to the classification of the cross section data in nuclear data files, the total neutron-emission cross sections must be generated through a complicated procedure to sum up the SDX data for all kinds of reactions.
However, it does not matter in principle in the neutron transport calculation what kind of reaction event occurs by a collision. That is the reason why the original form of transport equation is expressed by the DDXs without explicitly including any kind of collision kinematics.
It is essential to obtain, from the nuclear data, the reliable distribution data with respect to the scattering angles and the outgoing energies for the secondary neutrons after collision. These DDX data are directly applicable to the neutron transport calculations.
Before a nuclear data file including the full DDX data will be available for various isotopes, the double-differential data for special reaction channels having complex reaction mechanism, such as (n, 2n) of 'Be and (n, n'a). of 7Li, will be required so as to make a progress on the neutronics calculations for D-T fusion reactor blankets. [APPENDIX] Table Al presents the data sources used in the previously mentioned four scattering matrices. As shown in Table Al (a), the anisotropic matrices for elastic scattering of 7Li are the same in the four kernels and the isotropic matrices for (n, 2n) reaction are also used in common. The processing manners for inelastic scattering of 7Li are different among the four kernels as explained in the following :
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Kernel-1: The reactions emitting secondary neutrons form inelastic scattering are discrete level for the first excited state and continuum inelastic scattering.
The isotropic angular distributions in the CM system are given for the first level and the energy distributions of secondary neutrons are given for continuum in ENDF/B-IV, so that this kernel is a fully isotropic matrix for inelastic scattering. Table Al Nuclear data sources for reaction channels of 7Li(a) and 6Li(b) in scattering matrices -25 -taken into account in the mechanism of 7Li(n, n'a)T reaction which contains the direct breakup channels.
Under this treatment, the correlation between the emission angle and energy of secondary neutron can be calculated with the inelastic scattering kinematics. Kernel-4 : The difference between Kernel-3 and -4 is only in the cross section values of n'a)T reaction. The cross sections were taken from the experimental data at Harwell (UK)("), where the 'Li (n, n'a)T cross sections from 5 to 14 MeV measured by means of the liquid scintillation counting technique for tritium detection are 25% smaller values than those in ENDF/B-IV. In the case of 'Li, all the cross section data for Kernel-1 were taken from ENDF/B-IV as shown in Table Al (b). The secondary neutrons from 2.18 MeV excited state were treated to be anisotropic in Kernel-2~4.
Since the available cross section data of inelastic scattering have not been evaluated in the form of DDX, some of the scattering matrices had to be generated in approximate manners.
It should be stressed that the accuracy of the tritium production rate calculated by these data set may be insufficient.
However, the results of the present calculations will be useful to demonstrate the magnitude in the effect of anisotropy of inelastic scattering.
